INTRODUCTION
Faults in the stator windings o f three-phase induction machines represent a significant pan o f the failures that arise during the motor lifetime. When these motors are fed from inverters the situation tends to become even worse due to the voltage stresses imposed by the fst switching of the power semiconductors of the inverter, which often lead to a degradation of the turns insulation and, ultimately, to winding
short-circuits [l]-[S].
Consequently, some research studies have been conducted in the last few years concerning the impact of closed-loop drives (vector controlled-drives) on the diagnosis ofstator faults in induction motor5 [6]- [8] . The second term of (1) is the same as the one for the case of a healthy motor. The first term can be regarded as the sum o f the supply voltages o f the motor plus two additional voltage components introduced by the fault Because the short-circuit current can be given by a sinusoidal function at the fundamental supply frequency, these two additional components, in a synchronous reference f m e , are equal to the sum o f a constant term with a sinusoidal function at the double supply frequency. On the other hand, the motor supply currents wntain a positive and a negative-sequence component due to the presence o f the stator fault. for the specific value of rotor speed at which the motor is running. Using the motor parameten determined by the drive during the commissioning phase, the calculation of these quantities is straightforward. The final step of the diagnostic process is the definition of an adequate severity factor, which corresponds to the normalization of the modulus of the fault vector. Because analytical and sirnulalion studies have proved that the shortcircuit current is limited mainly by the resistances and leakage reactances of the windings of the motor, an appropriate normalization quantity appears to be the locked-rotor current of the motor I,. The severity factor can now be defined as bi'(
INTEGRATION OF THE DIAGNOSTIC SYSTEM

A General Remarks
The presence of a digital signal processor (DSP) in a drive system as well as the presence of current and voltage sensors opens the door to the integration of the diagnostic system into the hardware and software already developed for control purposes. This means that the diagnostic procedure can be incorporated into the system at no additional cost.
In a DTC induction motor drive, usually there are two current sensors to measure the motor supply currents and one voltage sensor to measure the DC-link voltage. With this information the line-to-line voltages can easily be reconstructed by knowing the positions of the six switches of the invetier.
The speed is another quantity already availabldestimated due to the presence of a speed loop in the drive. Consequenlly. all the information needed to implement the diagnostic technique is already present in the control system. B system. Figure I shows a detailed block diagram of the implemented figure I . Block diagram of the implemented system. A fast task is devoted 10 the control while a slower task 15 dedicated 10 the diagnosis ofthe faull.
Implernenrurion of the Diagnostic Technique
Due to the requirement of a very short sampling period lo accurately estimate the stator flux and the electromagnetic torque developed by the motor, the critical calculations involved in the estimation process were implemented in an interrupt routine. This routine also includes an additional module to store the d-q components of the stator current and estimated stator flux, which will be used later on by the diagnosis module. The main program contains the remaining modules of the DTC control algorithm and a slow task where the diagnostic algorithm is implemented. To avoid degradation of the performance of the DTC drive; this slow task is subdivided into 4 main sub-tasks, each one being executed in a cycle of the main program. The sub-tasks can be classified in general terms as follows: (i) filtering. (ii) coordinate transformation to the clockwise synchronous reference frame, (iii) averaging, subtraction. and coordinate transformation to the counterclockwise synchronous reference frame and (iv) calculation of the severity factor. A detailed description of each one ofthese sub-tasks is given in the following.
I) Filtering:
The diagnostic technique based on the multiple reference frames theory uses the information contained in the fundamental components of the stator flux linkage and supply currents of the motor. Consequently, other spectral components present in these quantities are superfluous and should be eliminated to increase the accuracy of the obtained results. To perform this task, a digital filter is used to filter out all these harmonics thus isolating the fundamental components of those signals. Experimental tests with different types of filters showed that the fundamental component can be effectively isolated from the overall signal using a low-pass second-order Bunenvorth digital filter. whose transfer function is given by with b , = R : , b,=Zb,; b>=b,, q,=4<'+2&Slp,+Sl:, a, = -86' + ZQ:, = 46' -Z . h c < + R: . In these equations, R, and F, stand for the angular cutoff frequency ofthe filter and sampling frequency, respectively.
Because the drive may operate at different frequencies, the cut-off frequency of the filter should be changed accordingly.
Moreover, both the flux and current signals are filtered with the same type of filter, thus automatically preserving the phase shift between them, which is a necessary condition for the successlid use ofthe diagnostic technique.
2) Transformation IO rhe Clockwise Synchronous
Reference Frame: After filtering the stator flux linkage and current signals, the corresponding data are truncated so that it corresponds to an integer number of cycles ofthose functions. The step that follows is the transformation of the current signals to a clockwise synchronous reference frame. For that, the angle 6, present in the transformation matrix is calculated with the aid of the d q flux linkage components. Afterwards, the transformation of the current signals from the stationary reference frame to the clockwise synchronous reference frame is performed In this final reference frame, the quantities i:, and r;, should appear as constants, at least in theoretical terms. However, in practice, due to the presence of some subhamonics in the supply currents, in conjunction with the harmonics that the digital filter reduced but not completely eliminated, the coordinates of several points should be avenged to achieve the final values i: and i;, . : , . This can be done using the motor parameters determined by the drive during the commissioning phase. in conjunction with the measured or estimated rotor speed. The value of the locked-rotor current, which is needed to calculate the severity factor, can also be estimated based on the data recorded during the commissioning phase of the drive.
IV. EXPERIMENTAL RESULTS
The proposed diagnostic technique was implemented using a TMS320C32 Digital Signal Processor board connected to a 161/08 DSPLINK interface board. All the control and diagnosis blocks were programmed into the DSP and no additional hardware was used besides the one already present for control purposes. The outputs of the DSPLINK board connect to an external buffer circuit before going to the gates of the power switches of a three-phase inverter. The driver circuits assure a dead time of 2.7 ,us between the two power switches of the Same leg: The outputs of the inverter feed a 3 HP, 4-pole, 230V. 60 Hz, three-phase induction motor. with its stator windings modified in order to allow the access of different turns to introduce the shon-circuits.
Figures 2 and 3 show the current waveforms3for the case of a healthy motor and for the case of the motor with one shortcircuited coil (54 short-circuited turns in winding U-X, out of 324 tumsiphase).
Despite the high extension of the fault. the amplitudes of the hndamental components of the three motor supply currents represented in Fig. 4 are not very much different from the ones for the case of a healthy motor. The most noticeable effect of the fault, in the current waveforms, is their deformation; mainly due to the existence of a third and fifth harmonics introduced by the fault. as can be demonstrated by the analysis of the current spectrum shown in Fig. 5 .
The existence of these current harmonics, when the motor develops inter-turn short-circuits, is mainly attributed to the poor operation of the torque estimator of the drive, that in these adverse conditions cannot accurately estimate the electromagnetic torque developed by the motor using the traditional torque equation used for this purpose 1131. Figure 6 shows the plot of the flux linkage for the case of the motor running with the same 54 shon-circuited Nrns. As can be recognized, this plot is very similar to the one comesponding to a healthy motor. Tables I, II and 111; present the experimental results, as calculated by the DSP; regarding the operation of the DTC induction motor drive, for different extensions of the fault, different motor load levels and different values ofthe reference speed of the drive.
Broadly speaking, for the same load level, the severity factor increases with the extension of the fault. Moreover, the severity factor is just slightly dependent on the motor load level. Theoretically, and according to the results obtained by simulation, the proposed severity factor is almost insensitive to the motor load level. In practice, due to the thermal variations of some motor parameters, namely the variations of the rotor resistance, some differences can be seen. It is felt that this aspect can be improved in future implementations of the technique by an adequate compensation of those parameter variations, which was not attempted in this work.
In relation to the operating speed of the drive; that is; in relation to the output frequency of the invener! the severity factor decreases with the decrease of these values. This is in good agreement with the fact that the short-circuit current also decreases with the output frequency of the inverter. In this way, this behavior of the severity factor does not constitute a limitation to its use.
V. CONCLUSIONS This work is intended to present a possible implementation of the multiple reference frames theory for the diagnosis of stator faults in DTC induction motor drives. The diagnostic technique is fully integrated into the control system at no additional cost, thus constiNting an added value to the final system. Due to the nature of a DTC drive and of the proposed diagnostic technique, most of the quantities calculated for control purposes can also be used for diagnosis. The proposed system has a modular conception in order to allow its use in the diagnosis of other faults such as eccentricity and rotor faults, subject that will be addressed in a subsequent paper.
